The effects of mono-and dibutyl phthalate and mono-and di(2-ethylhexyl) phthalate on energy-dependent K+ uptake, respiration rates, and succinate cytochrome c reductase activities of isolated rat liver mitochondria were evaluated. The energy-coupling processes, active K + transport and oxidative phosphorylation, were affected most by di-n-butyl phthalate and mono(2-ethylhexyl) phthalate. Mono-n-butyl phthalate had a moderate effect on energy coupling and di(2-ethylhexyl) phthalate had no apparent effect. The potency of inhibition of succinate cytochrome c reductase activity was mono(2-ethylhexyl) phthalate > di-n-butyl phthalate > mono-n-butyl phthalate = di(2-ethylhexyl) phthalate. It is concluded that phthalate esters affect mitochondrial activities by altering the permeability properties of the inner membrane and by inhibiting succinate dehydrogenase activity.
Introduction
The widespread distribution of phthalate ester plasticizers in the environment and the detection of significant quantities of di(2-ethylhexyl) phthalate (DEHP) in human blood stored in poly(vinyl chloride) bags (1) have led to concern about the possible biological effects of these compounds. An important observation is found in the NCI/NTP bioassay report (2) that DEHP is a hepatocarcinogen in B6C3F1 mice and Fischer 344 rats. Hepatic changes have been reported after both oral and intraperitoneal administration of DEHP. One specific in vivo effect that has been identified is the decrease in mitochondrial succinate dehydrogenase activity (3, 4) . In addition, swollen liver mitochondria were observed in rats (3) after oral administration of DEHP or mono(2-ethylhexyl) phthalate (MEHP). Studies in vitro have revealed that the oxidative and phosphorylation processes of rat liver mitochondria are impaired by phthalate esters (5-7). Takahashi (6) studied the effects ofdialkyl and monoalkyl phthalate esters on mitochondrial respiration rates with succinate as the oxidizable substrate. Respiratory control ratios (which are indicative of coupling between oxidative and phosphorylation activities) of isolated rat liver mitochondria decreased most with dialkyl phthalates that contain alkyl chains of three or four carbons, i.e., di-n-propyl and di-nbutyl phthalates. DEHP had no We sought to explain the mechanism(s) by which phthalate esters interfere with mitochondrial activities. A comparative study was conducted on the effects of mono-n-butyl phthalate (MBP), di-nbutyl phthalate (DBP), MEHP and DEHP on energy coupling and electron transport activities of isolated rat liver mitochondria.
Materials and Methods
Mitochondria were isolated fresh daily from the livers of 250-g male rats of the CD strain, as described by Stanciff et al. (8) . Protein concentrations were determined by the Lowry method (9) with the use of bovine serum albumin as a standard.
Respiratory rates were measured with a Clarktype oxygen electrode (10) in 2 ml of a medium consisting of 250 mM sucrose, 10 mM KCI, 10 mM Tris HCl (pH 7.6), 3 Respiratory Control Table 2 demonstrates the effects of phthalate esters on mitochondrial respiration with succinate as the oxidizable substrate. In coupled mitochondria, the proton electrochemical gradient that is generated during substrate oxidation suppresses electron transport to oxygen. The addition of ADP stimulates electron flow and oxygen consumption since this energized state is being utilized, in this case for ATP synthesis. The respiratory control ratio (RCR) is a measure of the dependence of the respiratory rate on the presence of ADP (state 3) divided by the rate after the expenditure of ADP (state 4). ADP stimulation represents the incre- (12) . Potassium cyanide is added to block electron flow from cytochrome c to oxygen. The rate of cytochrome c reduction is measured spectrophotometrically at 550 nm. Since the catalytic site of succinate dehydrogenase is located on the inner surface of the inner mitochondrial membrane, the reaction was measured with osmotically lysed mitochondria in order to eliminate the carrier-mediated transport of succinate as the potentially rate-limiting step. MBP and DEHP had no effect on the activity, while DBP showed significant inhibition (Table 3) . MEHP was the most potent inhibitor of the phthalate esters that were tested. In each case that inhibition was observed, the rate of cytochrome c reduction was increased maximally upon addition of NADH. Since both NADH and succinate cytochrome c reductase activities include the cytochrome b-c1 region of the electron transport chain, then the inhibited rates shown in Table 3 can be attributed to inhibition of succinate dehydrogenase activity.
Discussion
The present studies show that phthalate esters affect isolated rat liver mitochondria by uncoupling energy-linked processes and by inhibiting succinate dehydrogenase activity. The phthalate esters that were examined vary in their potency in affecting these processes. MBP had a similar effect on the energy-linked K+ uptake for the three different energy sources employed. It also stimulated succinate state 4 respiration rates. Based on these effects MBP can be considered to be a weak mitochondrial uncoupler. Classical uncouplers, such as FCCP, totally uncouple oxidative phosphorylation at micromolar concentrations (15) . DBP was an inhibitor (7) found that exposure of isolated mitochondria to DBP results in release of intramitochondrial K+ in the absence of valinomycin. In addition, Ohyama (16) reported that DBP stimulates the latent ATPase activity of whole mitochondria at concentrations that also induced nonenergy-linked mitochondrial swelling. These observations are consistent without contention that DBP alters the permeability properties of the inner mitochondrial membrane.
MEHP is also an uncoupler of mitochondrial energy-linked reactions. It impaired the energylinked K+ uptake initiated with three different energy sources, and it stimulated succinate state 4 respiration rates. There was total loss of respiratory control in the presence of 1.0 mM MEHP. Of the phthalate esters that were tested, MEHP was the most potent inhibitor of succinate dehydrogenase activity. We are currently investigating the nature of that inhibition. DEHP had no effect on liver mitochondrial activities other than weak inhibition of ATP-supported K+ uptake.
Although these studies were conducted on isolated mitochondria, it is possible that the permeability properties of other cellular membranes are similarly altered by phthalate esters. The net effect of energy uncoupling and inhibition of substrate oxidation is a diminished chemical energy supply and altered regulation of ion transport in cells exposed to such compounds. These changes could modify energy-dependent cytoplasmic activities and the activities of ion-dependent enzymes. MEHP is a mitochondrial energy uncoupler and an inhibitor of succinate dehydrogenase activity. Since MEHP is a metabolite of DEHP, then it may play an important role in the hepatotoxic effects associated with exposure to DEHP.
It is interesting to note some of the similarities in effects of DEHP and clofibrate in rodents. Oral administration of either compound induces proliferation of peroxisomes (3, 17, 18) , reduces plasma cholesterol and triglyceride levels (17, 19) and results in the development of hepatocellular carcinomas (2, 20 
